The carrying capacity of shellfish aquaculture is determined by the interaction of cultured species with the ecosystem, particularly food availability to suspension feeders. A multiple box dynamic ecosystem model was constructed to examine the carrying capacity for mussel (Mytilus edulis) aquaculture in Tracadie Bay, Prince of Edward Island, Canada. Criteria for carrying capacity were based on chlorophyll concentration. The model was run in two different years (1998 and 1999) in which time series for three points inside the bay and a point outside the bay were available. This data set allows spatial validation of the ecosystem model and assessment of its sensitivity to changes in boundary conditions. The model validation process indicated that the differential equations and parameters used in the simulation provided robust prediction of the ecological dynamics within the bay. Results verified that mussel biomass exerts top-down control of phytoplankton populations.
INTRODUCTION
Coastal areas such as estuaries or bays are commonly used for aquaculture activities, especially bivalve farming. In these ecosystems, the standing stock of bivalves exerts an important effect on the dynamics of particles and nutrients (Dame and Prins 1998) . Bivalve filter feeders can clear large volumes of water of suspended particles, thereby potentially altering the flow of matter and energy (Dowd 2003) . In the particular case of phytoplankton, filtration activity may also exert a topdown control of their populations (Dame and Prins 1998) . Depletion removes particles used as food by zooplankton or other wild filter feeders (Grant and others 2005) . On the other hand, bivalve populations consolidate small particles into feces and pseudofeces, which sink to the bottom, channelling energy flow towards benthic food webs instead of pelagic (Cloern 1982) . This change may constitute a potential stress for benthic communities through organic loading (Grant and others 2005) . With regard to the dynamics of nutrients, bivalves can accelerate the nitrogen (N) cycle (ammonia excretion, Dame and others 1991) and enhance the retention and remineralization of nutrients via sedimentation (Grant and others 1995) . This effect on nutrient cycles may significantly accelerate phytoplankton turnover and production (Prins and others 1995) , exerting a bottom-up nutrient control on phytoplankton populations (Cranford and others 2007) .
The stress that aquaculture can exert on the environment compromises sustainability of an area, decreasing growth and survival rates of bivalves when cultured at high density. These impacts have stimulated the study of carrying capacity of cultivation areas, which may be defined as the maximum stock that can be maintained in an ecosystem without negative effects on bivalve growth rate (Carver and Mallet 1990) . Alternatively and more recently, carrying capacity has been described as stocking density that maximizes annual production of commercial shell length of bivalves (Bacher and others 1998; Smaal and others 2001) , or bivalve biomass that can be maintained in an ecosystem as a function of seawater residence time, primary production and clearance rate (Dame and Prins 1998) . More generally, carrying capacity at an ecosystem scale relates to a process or variable that can be changed in a particular ecosystem without altering the structure and functioning beyond acceptable limits, established in terms of water quality and/or other parameters (Duarte 2003) . The specific application of this concept to bivalve aquaculture area is the stocking density at which growth is not food limited, and/or some measure of ecosystem health is not compromised (Grant and others 2007) . Carrying capacity studies can be applied to management of existing cultivation areas (Bacher and others 1998; Ferreira and others 1998; Duarte and others 2003; Grant and others 2007) or to increase profit at newly selected sites (Hé ral 1993) . Moreover, these studies have demonstrated how carrying capacity has been exceeded in some cultivation areas (Hé ral 1993; Raillard and Mé nesguen 1994; Smaal and others 2001) .
Ecological system models are powerful decisionmaking tools because they simulate system organization, function and change (Odum and Odum 2000) , increasing understanding and assessing the potential interactions within complex manipulated ecosystems (Dowd 2005) . Ecosystem box models provide a valuable approximation for the study of bivalve growth and/or carrying capacity (Raillard and Mé nesguen 1994; Dowd 1997; Bacher and others 1998; Ferreira and others 1998; Pastres and others 2001; Duarte and others 2003; Grant and others 2007) and ecosystem effects of the aquaculture activity (Chapelle and others 2000; Dowd 2005 ). Such models have the advantage of being computationally efficient, yet powerful enough to allow spatial realism in prediction. In this study, an ecosystem box model based on phytoplanktonzooplankton-nutrient (PZN) trophodynamics with the addition of mussel and seston submodels has been applied to Tracadie Bay, a shallow bar-built estuary on the north shore of Prince Edward Island (Canada) which supports extensive aquaculture activity. The focus of the study was carrying capacity of the bay and not individual bivalve growth per se. For this reason, a constant mussel biomass has been assumed in the whole bay, which implies that the mussel biomass interacts with the ecosystem model as a forcing function (Dowd 2005) rather than a response variable. By manipulating forcing by mussel biomass, we can examine other response criteria, for example, water quality as indicators of carrying capacity. With this assumption, some of the more uncertain steps of aquaculture activity are not required, for example, farming processes like harvesting and seeding, or bivalve size distribution. On the other hand, the bivalve mortality rate is not explicit in the model. In essence, this assumption means that the growth of the bivalves and seeding activity are compensated by mortality rate and harvesting, providing a constant biomass over time. The implication of this approach is that carrying capacity is defined as the stocking density at which given water or habitat quality criteria are met.
The energy flows in which the bivalves are involved depend on the supply of food to the cultivation area. Therefore, the boundary conditions will have a large influence on estimations of carrying capacity. Moreover, carrying capacity tends to be regarded implicitly as a fixed quantity, but temporal variation in boundary conditions over several time scales would influence its value. Specifically, interannual differences in boundary conditions may have a large impact on shellfish growth, an aspect of carrying capacity that has rarely been considered. In our previous field studies of mussel aquaculture (Waite and others 2005) , we documented both different environmental conditions and consequent mussel growth in Tracadie Bay, Prince Edward Island (Canada). This led to Ecosystem-Level Management of Mussel Culture speculation as to whether modelling could simulate observed biomass production as a function of these conditions. Moreover, it allows a test of carrying capacity determination as a function of interannual variability.
Due to the relative simplicity of box models, it should be possible to explore the effect of boundary conditions on carrying capacity estimations. This obvious extension of carrying capacity modelling has not been explored, although it is of clear importance to the industry. Based on these considerations, we conducted a set of simulations with the aim of answering the following questions:
1. What is the subsequent interannual variation in carrying capacity of mussel culture? 2. What is the optimal carrying capacity and how does it change as a function of interannual variation in boundary conditions?
MATERIALS AND METHODS

Study Site
Tracadie Bay (Figure 1 ) is a small (13.8 km 2 at low tide), shallow (maximum depth 6 m) barrier beach inlet with predominantly diurnal tides with a range of 0.6 m. The embayment is located on the north shore of Prince Edward Island (Canada) and is open to the Gulf of St. Lawrence through a single narrow channel. Instantaneous exchange of bay with the offshore is up to 500 m 3 s -1 (Dowd 2003) , which results in a turnover of the entire volume of the Bay every 4-10 days (Dowd 2005) . Based on bathymetry, the distribution of culture and our knowledge of the bay, we designate regions (boxes) for the purpose of model compartmentalization as follows. We designate Box 1 as the mouth of the bay, dominated by a large shallow tidal delta with extensive eelgrass beds, making mussel culture impossible at this location. Winter Harbour is a subbasin of the larger bay, fed by Winter River which drains a large watershed but with low freshwater input most of the year (%1 m 3 s -1 ; see also Cranford and others 2007). Winter Harbour is used primarily for spat collection and adult mussel biomass in Box 4 is considered negligible. Longline mussel culture is carried out primarily in Boxes 2, 3 and 5, at depths ranging from 3 to 6 m. The mussel density in the innermost box is lower than in the central and northern box; therefore in the model, the mussel density in Box 5 is estimated to be half that of Boxes 2 and 3, which are considered similar to each other in terms of mussel density.
The bay is cultured by a variety of growers, and the absolute distribution of cultured biomass is not explicitly known. The cultured mussel biomass in Tracadie Bay was calculated according to Grant and others (2008) , who reported a density averaged over the farmed area of 20 individuals m -3 with approximately 50% being smaller first-year mussels. Therefore, only the density of second-year mussels (10 individuals m -3 ) was considered in the model. The weight of the mussels was calculated according to Dowd (2003 Dowd ( , 2005 , who estimated a standing stock between 1 and 2 9 10 6 kg wet weight (WW) of mussels. The standing stock of 1.5 9 10 6 kg WW of mussels is considered the actual scenario in Tracadie Bay. Tissue weight was calculated assuming a condition index of 30%. Dry weight was calculated assuming water content of 80% and a carbon (C) content of 40% mussel dry weight.
Ecological Model
A multiple box ecosystem model was developed with highly configurable GUI-based software (Simile, http://www.simulistics.com) that allows explicit coupling between boxes representing regions of the bay. The model was analogous to a classical PZN model with the addition of mussel (M) and detritus (D) submodels. Given the minimal effect of zooplankton on the results, this submodel was turned off in subsequent scenarios. All stocks are characterized in terms of mg C m -3 , with the exception of dissolved nutrients, which are expressed in mg N m -3 . The equations of the model are based on Kremer and Nixon (1978) and a detailed description is given in Grant and others (1993 Grant and others ( , 2007 Grant and others ( , 2008 and Dowd (1997 Dowd ( , 2005 . A brief summary of the differential equations that define the submodels is given by:
The mixing term includes exchange between boxes and exchange with the far field. The following modifications have been applied in this study. In the detritus equation, a fraction of the mussel feces and dead phytoplankton are channelled to the detritus compartment instead of exiting the water column to the bottom. It is assumed that 50% of mussel feces degrade enough to remain in the water column. For phytoplankton, it is assumed that 80% of senescent or dead cells can remain in suspension. The mussel compartment maintains a constant biomass through time. The term that interacts with the ecosystem, that is, net mussel growth (absorption minus respiration and excretion) is balanced by the farming practices (seeding and harvesting) and mussel mortality. This implies that the mussel compartment is fully functional in the model; however, its biomass remains constant through time.
The resuspension rate is an empirical relationship based on the wind velocity as follows. We have empirically measured the resuspension rate using an erosion device described in Walker and Grant (2009) . An erosion rate of 15 g m -2 min -1 was considered a reasonable value for the whole bay according to the measurements by Walker and Grant (2009) . The C content was calculated assuming an organic content of 10%, of which 40% is organic C. Our time series measurements from optical probes deployed in Tracadie Bay (unpublished) do not show clear dependence of resuspension on wind, although windy days in the bay create obviously turbid water. These data suggest that a wind speed threshold is reasonable for allowing resuspension to proceed using a conditional statement within Simile. According to the wind time series, a value of 5 m s -1 was considered a reasonable threshold to induce resuspension. Forcing is provided by actual wind data for the two study years. To check the sensitivity of the model to these empirical parameters, four scenarios were tested increasing and decreasing the threshold and the amount of resuspended detritus for both years.
Exchange Between Boxes
The ecosystem model is defined by five boxes Figure 1 . Each box is assumed homogeneous and the horizontal exchange between adjacent boxes is regulated by an exchange coefficient, K, which includes the physical processes that cause the water exchange. The K value is expressed in d -1 units and it can be interpreted as the percentage of water exchange per day that goes from the exit box to the entry. Given that the volumes of the boxes were different, two different Ecosystem-Level Management of Mussel Culture coefficients were calculated for each boundary to conserve water and matter.
The K values were calculated according to the far-field exchange with the Gulf of St. Lawrence and the exchange between boxes was calculated following the methodology described in Dowd (2005) . To check if the water exchange was correct, the box model was run introducing an arbitrary conservative tracer across the estuary mouth. The relative concentration of the conservative tracer with regard to the boundary concentration was examined in Boxes 1 and 2 (Figure 2 ). Equilibrium time, the day in which the conservative tracer reached a relative concentration of 95%, was measured and compared with the results observed by Grant and others (2005) . In the latter study, a numerical model of circulation for Tracadie Bay was developed using Aquadyn (Hydrosoft Energie Inc., Montreal, Canada), reporting an equilibrium time of 8-9 days in the mouth of the estuary and 16 days at a point located inside Box 2. The results observed in the present simulation showed an equilibrium time of 7 and 22 days for Boxes 1 (mouth) and 2, respectively. Both results are in a good agreement, and the differences can be caused by the larger area included in the box model, compared to the numerical model developed in Aquadyn, which calculates the conservative tracer concentration at a discrete point.
Boundary Conditions and Field Data
The chlorophyll, particulate organic matter (POM) and temperature data in the far-field and Boxes 2, 3 and 5 were taken from Waite and others (2005) . In 1998, the sampling began on 12th May and was extended for 191 days, taking samples every 3 weeks. In 1999, the sampling schedule began on 6th May and was extended for 145 days, taking samples every month. The chlorophyll concentration was converted to C units assuming a C:chl of 50:1. The detrital C was calculated multiplying the POM value by 0.5 and subtracting the phytoplankton C. Nutrient data were taken from Cranford and others (2007) using an average value of 2 years (June to November for 2002 and 2003) and repeating it for River flow, which was obtained from the Environment Canada hydrometric database (http:// www.wsc.ec.gc.ca). Wind data for each year were taken from Dowd and others (2001) and the time series completed with data from the Canadian Weather Office (http://www.climate.weatheroffice. ec.gc.ca) after confirming that the modulus of wind velocity was similar between the two sources of data in a common period. The first value of the time series was used as the initial value of the state variables.
Groundtruthing
The overall correspondence between observed and modelled values was analyzed with regression analysis following a protocol similar to that of Duarte and others (2003) . The major axis regression method (RMA) was applied to the relationship between observed and modelled results for chlorophyll and detritus content in Boxes 2, 3 and 5. ANOVA was used to test the significance of the regression. A significant regression means that the model explains a significant percentage of the variance. A subsequent comparison of the slope with the theoretical value of 1 was carried out following Zar (1984) . When the slope is not significantly different from 1, both time series follow the same pattern. Furthermore, if the intercept of the regression is not significantly different from 0, the modelled and the observed values are in a good agreement.
RESULTS
Groundtruthing
The results of the model are first considered in terms of chlorophyll and detritus concentration in comparison to observed values in Boxes 2, 3 and 5. For chlorophyll values, the modelled and observed values are in good agreement and the pattern through time is well reproduced by the model for both years, with the exception of the values for Box 5 in 1999 ( Figure 3A) , which showed an earlier and lower phytoplankton bloom compared to the observed values. In addition, at the end of the time series, the modelled chlorophyll concentration is lower than observed; however, it could be influenced by an outlier in the observations. The data set is composed of monthly samples extrapolated to each day by means of linear regression between two consecutive days. Therefore, when the last 30 days were removed from the latter analysis, the modelled values were in better agreement with the observed.
The agreement between the modelled and the observed values can be analyzed by means of the RMA (Table 1 ). The ANOVAs showed that the regressions were statistically significant in all cases, that is, the model explained a significant percentage of the variance. With the mentioned exception of Box 5 in 1999, Pearson's coefficient showed that the model explained 60% of the variance in terms of chlorophyll. The analysis of the slopes and intercepts indicated that the modelled chlorophyll in Box 2 for 1998 was in very good agreement with observed values, showing a slope that is not statistically different from 1 (P > 0.05) and an intercept close to 0. The other regressions showed in all cases a slope greater than 1 and an intercept less than 0, which means that modelled values were proportional to the observed ones.
For detritus values, the comparison of the modelled results with the observed values showed, as for chlorophyll, a very good agreement in both years ( Figure 3B ). However, in this case, there is a different pattern depending on the year. In 1998, the model showed values less than those expected, especially in the period between days 50 and 100. This was more evident in Box 3 between days 50 and 75, in which the largest differences between modelled and observed values were observed.
Model results from 1999 showed that the modelled values were higher than the observed values at the beginning of the simulated period. Once again, the observed values of Box 5 in 1999 showed a different behavior compared with the other boxes, showing a peak of detritus concentration in the first sampling date. The major axis regressions were statistically significant in all cases (RMA, Table 1); however, the explained variance of Box 5 in 1999 was again low. In addition, the differences between days 50 and 75 of Box 3 in 1998 caused a sharp decrease in the explained variance. The remaining regressions explained 55% of the detritus variance, 5% lower than that explained for chlorophyll. The analysis of slopes and intercepts showed modelled detritus in Box 5 (1998) to be in very good agreement with observed values; the slope is similar to 1 (P > 0.05), although the intercept is negative, which means that the modelled values are below the observed. The different pattern between years described above for detritus is reflected in the slopes as well; in 1998, the slopes were greater than 1, whereas in 1999, with the exception of Box 5, the slopes were less than 1.
Sensitivity of Resuspension Equation
The model results for detritus are undoubtedly sensitive to how resuspension is parameterized, because this process generates fluxes of detritus to the water column. Given that the equation for defining the resuspension events was based on empirical results, a sensitivity analysis of this formulation was carried out. Four scenarios were run each year, increasing and decreasing by 10% the wind threshold and the rate of resuspension. In 1998, the variation of the threshold ±10% resulted in a maximum change of 7.1% in the detritus concentration within the bay (Table 2 ); in 1999, this change was 8.55%. The model was less sensitive to the change in the input rate of resuspended detritus. In 1998, the change of this factor ±10% provided a change in the detritus concentration within the bay of 1.45%, and only slightly higher in 1999, 1.72%.
Ecosystem-Level Effects
The extent of changes in seston due to mussel grazing may be quantified as the ratio of chlorophyll within the boxes compared to that at the boundary. Values of this ratio below 1 indicate depletion, and may be designated as a threshold for acceptable ecosystem-level effects. This ratio was calculated for 2 years and four mussel biomass scenarios (1, 2, 3 and 4 9 10 6 kg WW in the whole bay). The results of this ratio are shown for the north-south gradient in Figure 4A (1998) and 4B (1999) . In 1998, the 1.0 9 10 6 kg WW scenario showed an enrichment of chlorophyll inside the bay compared with the boundary concentration, whereas higher mussel biomass showed depletion. For 2.0 9 10 6 kg WW, depletion was slight and only gradually accentuated moving to Boxes 3 and 5 in the interior of the bay. For the 3.0 and 4.0 9 10 6 kg WW scenarios, depletion was immediately more severe entering Box 2, but declining less thereafter in successive boxes. Results in 1999 had generally similar trajectories, but with important differences. The lowest biomass showed only marginal enrichment in Boxes 1 and 2, with gradual depletion thereafter. The next higher biomass class resulted in significant depletion in 1999 compared to a similar biomass in 1998. For 3.0 and 4.0 9 10 6 kg WW, patterns and levels of depletion were similar between years.
We used the natural variation of chlorophyll as a means of scaling the importance of depletion. A coefficient of variation of 27% was determined for all boxes and times, and this envelope is indicated in both figures. By this criterion in 1998, a cultured biomass of 1.0 and 2.0 9 10 6 kg WW produced acceptable grazing pressure in all boxes, that is, within system noise on phytoplankton, as did a biomass of 1.0 9 10 6 kg WW in 1999. Other biomass scenarios were not acceptable by this measure.
Mussel Production
Although mussel biomass was constant during the simulations and mussel growth was not determined, the accumulated input and output energy in the mussel compartment was calculated, their difference providing the net growth of the mussels in the bay. In describing mussel biomass through equation (4), we assume that seeding and the mortality process are (1) negligible in terms of biomass compared with the mussel net growth and (2) opposite in terms of effect such that net growth can be considered a measure of harvestable biomass. Therefore, the accumulated net growth can be used as a proxy of mussel production in the bay. Figure 5 shows the annual mussel production in the bay in terms of kg WW and the production per kg WW of standing stock in the years 1998 and 1999, respectively. These curves provide a measure of carrying capacity in terms of yield versus stocking density curves. Results for total production in both years showed a similar trend, with a maximum production when the standing stock of mussels was around 5.0 9 10 6 kg WW. The absolute production was however different between years, and the differences were dependent on the standing stock biomass in the bay. In this way, at low mussel biomass in the bay, both years (1998 and 1999) resulted in similar production, 1.9 and 2.0 9 10 6 kg WW, respectively, with a standing stock of Ecosystem-Level Management of Mussel Culture 1.0 9 10 6 and 3.5 and 3.3 9 10 6 kg WW for both years when the standing stock was increased to 2.0 9 10 6 kg WW. From this standing stock biomass onwards the differences between both years increased sharply, showing a better yield in 1998 than in 1999 at all biomasses. The differences were larger in the 5.0 9 10 6 kg WW scenario, when the maximum mussel production was observed.
DISCUSSION
In this study, a mussel aquaculture ecosystem was simulated over 2 years to consider forcing and variation in carrying capacity. The study is focused on the ecosystem-level properties and not on the mussel growth; therefore, it was assumed that mussel biomass remained constant over time. This assumption simplified the mussel submodel, especially from the point of view of population structure and processes carried out by the farmers, like seeding and harvesting. However, the mussel submodel interacted with the ecosystem such that the grazing uptake of C could be calculated, allowing the estimation of mussel production in the bay. One of the strong points of this study is the available data set, two time series in different years, 1998 and 1999. The ecological dynamics in the bay are dependent on the local processes and the characteristics of the far-field, so that boundary conditions influence the dynamics inside the bay. The information from two time series provides an ideal scenario for validation and groundtruthing, allowing a check on the robustness of the model in two different situations. Moreover, the data set contains information at three different locations, allowing spatial validation of the model relevant to managing strategies.
Groundtruthing of model results was based on chlorophyll and detritus values, using data from both years in three boxes. The results showed a very good agreement between model and observed values for both seston quantities, with major axis regressions explaining 60% of the variance for chlorophyll and 55% for detritus. The interannual variability in explained variance showed similar results in both years, 56% in 1998 and 62% in 1999. These spatial and temporal checks on model validity demonstrate that the differential equations and parameters of the ecosystem model provide reasonable predictions of ecological dynamics within the bay. Although the study by Waite and others (2005) provides mussel growth, the mussels were grown at the same density in different locations and therefore their results are not comparable with the modelled ones in which different densities were used in different boxes.
In general, the mussel compartment routes energy flow towards benthic food webs instead of the pelagic (Cloern 1982) . The interaction between the mussel compartment and the sediment is governed by two main processes within the model. Mussels enhance sedimentation by repacking fine suspended material into larger biodeposits. This flux is controlled by the feces and pseudofeces production rate as well as physical variables like settling velocity, dissagregation rate and resuspension (Walker and Grant 2009 ). In contrast, sediment erosion and resuspension generate a flux of matter from the bottom to the pelagic environment. This process is controlled by the stability of sediment, which is affected by many factors such as biostabilization, porosity, organic content, grain size and bioturbation (Walker and Grant 2009) , and in a shallow bay like Tracadie Bay, wind forcing is the dominant forcing agent on sediment resuspension (Lawson and others 2007) . The sediment-water particle is difficult to parameterize, but we had direct measurements available from Tracadie Bay with which to work. The low sensitivity of the model to changes in the equation parameters and the good agreement between the modelled and observed values of detritus content suggest that the empirical equation can be used to characterize resuspension in Tracadie Bay.
Besides channelling energy flow towards the benthic community, mussels have been called ''ecosystem engineers'' (Jones and others 1994) due to their ability to alter environmental conditions, such as seston levels. In the particular case of phytoplankton, bivalves may also exert top-down regulation of primary production (Cloern 1982; Dame and Prins 1998) . On the other hand, bivalves can accelerate the N cycle (Dame and others 1991) , enhancing phytoplankton turnover and production (Prins and others 1995) , and exerting bottom-up control of primary production. Given that phytoplankton constitute the base of marine food webs and that mussel populations are important in their control, carrying capacity has been expressed in terms of chlorophyll depletion. Previous studies of seston depletion have focused on small scales, usually the farm scale, and oriented the objectives towards bivalve growth (Campbell and Newell 1998) , the relationship between density and growth (Pouvreau and others 2000; Bacher and others 2003) or sustainable standing stock (Ferreira and others 2007; Duarte and others 2008) . Ferreira and others (2007) calculated the standing stock that maximizes the biomass production in a farm and subsequently, they applied the ASSETS methodology (Bricker and others 2003) to evaluate its effects with respect to eutrophication. Based on the raft production curves, Duarte and others (2008) observed that culture practices in Galician Rias are close to the carrying capacity at the farm scale; however, they suggest that any possible increase in mussel production should be considered at a broader spatial scale. In this way, Grant and others (2008) carried out a short-term study at the bay scale, in which seston depletion was modelled and followed by an intensive spatial groundtruthing.
Seston depletion is a direct measure of food availability; therefore, an integrative assessment of the depletion in the whole bay can provide a useful tool for carrying capacity evaluation. Due to its importance in marine food webs, chlorophyll is a tempting ecosystem-level variable to use for carrying capacity. It has however been difficult to calibrate this variable relative to system health or requirements. To remove its subjectivity from the application, we have scaled it to the natural variation in chlorophyll as an assessment of the noise within the system. Preservation of food webs is an important tenet of ecosystem-based management (EBM, Crowder and Norse 2008) . The placement of shellfish farming within the context of EBM is an Ecosystem-Level Management of Mussel Culture important advance in aquaculture management, an approach also employed by Ferreira and others (2007) as mentioned above.
Using this criterion, we were able to show differences between two years, especially in the scenarios that are close to the estimated standing stock of Tracadie Bay, between 1 and 2 9 10 6 kg WW of mussels. The higher depletion observed in 1999 would suggest that the boundary conditions are less suitable for growing mussels than the conditions observed during 1998, a result confirmed by the Tracadie growth studies of Waite and others (2005) . In fact, if we inserted the chlorophyll ratio observed in 1998 for the 1 9 10 6 kg scenario into the 1999 conditions, the standing stock would need to be reduced by 40%, reaching a biomass of 0.6 9 10 6 kg. In other words, this result implies that the bay during 1999 would suffer a deviation from natural conditions 40% higher than in 1998. This result highlights the finding that there is not a single stocking density that can be designated as the carrying capacity for a given location. A stocking density suitable for a single year may not be so for other years; our study is the first to examine this temporal scale of carrying capacity. The results of the 1 9 10 6 kg scenario are in very good agreement with the pattern observed by Grant and others (2008) and show the maximum concentration of phytoplankton residing in the middle of the bay, decreasing towards the mouth and the head. The authors suggest that this pattern is caused by the influence of the Winter River, which supplies a nutrients source, enhancing the primary production in Box 4.
In terms of biomass production, the results are in good agreement with the estimation of Dowd (2005) , who predicted a production of mussel biomass of 3 9 10 6 kg WW with a standing stock of 2 9 10 6 kg WW. With the same standing stock of mussels, the predicted production in this study is 3.5 and 3.3 9 10 6 Kg WW for 1998 and 1999, respectively. Figure 5 shows that the yield per unit of stocked kilogram decreases sharply with an increase in the standing stock biomass. Nevertheless, the annual production can be enhanced to 5.0 and 4.0 9 10 6 kg WW for 1998 and 1999, respectively, when the standing stock is 5.0 9 10 6 kg WW. This suggests that the aquaculture output of the bay could be maximized by increasing the standing stock biomass. However, the decrease in the ratio between the chlorophyll in each box and in the farfield when standing stock is above 1.0 9 10 6 kg WW suggests that pressure on the ecosystem would be substantial, compromising ecosystem health by this criterion. A continued increase in stocked biomass would surpass the asymptote of these production-biomass curves and lead to a decreased yield due to food limitation, as suggested by the downward trends in Figure 5 .
In conclusion, our approach of using a constant biomass to force grazing pressure in a bay wide ecosystem model of carrying capacity has been effective in assessing system-level impacts on seston fields. In addition, continually increasing biomass forcing leads to estimates of maximal production benefit as a function of stocking density. Thus, a single model is useful in predicting farm yield in the context of sustainable aquaculture assessed with an ecosystem health criterion. The available time series for two different years and three different locations constitutes an ideal situation for groundtruthing, allowing spatial validation of the model and checking its robustness as a function of changing boundary conditions. Specifically, the use of two time series showed the importance of the inter-annual variability in carrying capacity, a unique application compared to most studies of this kind. The model indicates that conditions observed during 1999 are more sensitive to grazing pressure from aquaculture than those observed during 1998. This result is important from a management perspective because it emphasizes application of a precautionary policy and prediction in regulation of aquaculture activity in the bay. The use of different boundary conditions based on expected trends provides the capability for exploring future scenarios and planning for suitable standing stock biomass. For instance, modifying temperature time series according to different climate change scenarios would allow the adjustment of the standing stock biomass to the new situation in order to maintain sustainable culture. The success of prospective analysis will depend on the veracity of the estimated boundary conditions. In this study, the retrospective analysis showed that although the bay could yield greater mussel biomass production, stress on the environment would lead the ecosystem outside of its natural range of variation. Despite the spatial simplicity employed in the present model, it provides substantial management capability as well as an ecosystem-oriented approach to shellfish aquaculture.
